OBJECTIVE: To evaluate the merit of body mass index (BMI), % body fat, waist circumference and waist-to-hip ratio as predictors of abdominal visceral fat (AVF) level. DESIGN: Cross-sectional measurements obtained from 458 female and 331 male subjects of French Canadian descent with an age range from 18 ± 72 y. MEASUREMENTS: AVF level was assessed by computed tomography. BMI was calculated as weight (in kg) divided by stature 2 (in m), body density was derived from underwater weighing and % body fat was computed from the estimate of body density with the Siri equation. Waist-to-hip ratio was calculated as waist circumference divided by hip circumference. Receiver operating characteristic (ROC) curves were used to identify the optimal cut-off points. RESULTS: In younger women (`40 y, n 258), waist-to-hip ratio was the poorest predictor of AVF level with areas under the ROC curves (A z ) ranging from 0.684 ± 0.716, sensitivity (Sen) from 63.3 ± 68.8% and speci®city (Spe) from 64.0 ± 67.5%, whereas the A z , Sen and Spe for other predictors ranged from 0.924 ± 0.983, 87.0 ± 96.8, and 83.4 ± 92.7, respectively. The same trend was observed in older ( 40 y, n 200) women, although differences between waist-tohip ratio and other predictors were less pronounced. In older men, waist circumference was the best overall predictor (A z from 0.88 ± 0.92), whereas BMI showed the lowest A z values (0.831 ± 0.875, P 0.001 vs waist circumference). In younger men, BMI had the smallest A z (P`0.007 vs others) with the lowest AVF cut-off point (100 cm 2 ). However, with higher AVF cut-offs the differences were not signi®cant. CONCLUSION: Waist circumference is the best overall predictor of abdominal visceral obesity, whereas in women waist-to-hip ratio is a poor indicator of AVF and its use as a surrogate measure of visceral fat should be avoided.
Introduction
The prevalence of obesity has increased dramatically during the last decades 1 and obesity is now a major public health problem with great economic and personal costs. 2 The common metabolic complications of obesity include diabetes, hypertension and cardiovascular diseases with viscerally obese subjects thought to be at a higher risk than other obese individuals. 3 Therefore, the measurement of abdominal visceral adipose tissue level has particular public health implication.
Computed tomography (CT) and magnetic resonance imaging (MRI) provided valid and reliable estimates of abdominal visceral fat (AVF) level. 4 ± 7 However, both of these methods require special and expensive equipment. In addition, the radiation exposure with the CT method imposes restrictions on the frequency of the measurements. The direct measurements of AVF with CT and MRI are often unsuitable for screening of large groups of individuals. Therefore, it would be desirable to have simple but yet valid anthropometric indicators of visceral obesity. Anthropometric measurements, such as waist circumference 8 ± 10 and waist-to-hip ratio (WHR) 11 ± 13 have been suggested because they are easily obtained and are correlated with abdominal adipose tissue indicators. Body mass index (BMI) and percent body fat (%BF) are commonly used indicators of obesity in experimental, clinical and epidemiological studies. 14, 15 However, BMI is an indicator of heaviness rather than fatness so it is unable to effectively distinguish body fat from fat-free mass. 13, 16 On the other hand, percent body fat cannot differentiate the proportion of visceral fat and subcutaneous fat. Nonetheless, all these measures (WHR, waist circumference, BMI and %BF) are variously correlated with the level of AVF. 17 Moreover, prospective studies have indicated that these anthropometric measures are commonly associated with chronic diseases and metabolic disturbances. 18 ± 21 Several studies have explored the use of anthropometric measures to estimate AVF. However, only a few studies have dealt with the sensitivity and speci®city of these anthropometric measurements and, therefore, the extent of misclassi®cations resulting from the prediction of AVF by these anthropometric variables has not been documented. Therefore, the aim of this present study was to evaluate the merit of body mass index, percent body fat, waist circumference and waist-to-hip ratio as predictors of AVF level in 789 caucasian subjects.
Subjects and methods

Subjects
These present analyses were based on 789 subjects derived from several studies carried out in the Physical Activity Sciences Laboratory at the Laval University. Some of the data were obtained from family studies and data of all family members were used for the analyses. Simulation studies (M.A. Province, T. Rice & D. C. Rao Ð unpublished data) have shown that non-independence of the subjects may induce loss of statistical power only when the cluster correlations of the phenotype become extreme (0.9). With the phenotypes used in this present study, this is usually the case only in monozygotic twins. Therefore, it is unlikely that inclusion of all family members induced any bias in the present analyses. In addition, since analyses were done separately in four age by sex subgroups, the problem of relatedness of the subjects is further diminished. However, we repeated the analyses by randomly selecting only one family member in each age and sex subgroups and the results were the same as when the whole cohort was used. All subjects were French Canadians, with an age range from 18 ± 72 y. A signed informed consent was obtained from all subjects and the study protocols were all approved by the Medical Ethics Committee of Laval University.
Anthropometric measurements
Stature, body mass, waist and hip circumferences were measured according to protocols recommended by the Airlie Conference on the standardization of anthropometric measurements. 22 BMI (kgam 2 ) was derived as weightastature 2 and WHR was calculated as waist circumference divided by hip circumference. Body density was estimated by underwater weighing, 23 and the Siri equation 24 was used to convert body density to %BF. Pulmonary residual volume was measured using the helium dilution technique. 25, 26 Computed tomography AVF level was assessed by computed tomography using a Siemens Somatom DRH scanner (Erlangen, Germany) as described previously. 27 Subjects were examined in the supine position with both arms stretched above the head. The computed tomography scan was performed at the abdominal level between the L4 and L5 vertebrae, after a moderate inspiration, by using a radiograph of the skeleton as a reference to establish the position of the scan to the nearest millimeter. Total abdominal fat area was calculated by delineating the surface with a graph pen and then computing the surface using an attenuation range of 7190 to 730 Houns®eld units. 28, 29 The AVF area was measured by drawing a line within the muscle wall surrounding the abdominal cavity. The abdominal subcutaneous fat area was calculated by subtracting the amount of AVF from the total abdominal fat area. The reproducibility of the CT scan method is good, with the correlations between duplicate measurements being 0.99 and the precision errors ranging from 0.6 ± 3.9%. 28, 30 Statistical analysis
The normality of the distributions was checked with the Shapiro-Wilk statistic of the UNIVARIATE procedure of the SAS statistical software package (SAS Institute Inc., Cary, NC). Skewed distributions were normalized with logarithmic transformations. The univariate associations between AVF and anthropometric predictors were analyzed with Pearson correlation coef®cients (PROC CORR). The receiver operating characteristic (ROC) curves were constructed using four cut-off points for the reference test, that is, AVF measured by CT. Firstly, a 100 cm 2 value was selected because below this threshold the disturbances of glucose, insulin and lipid-lipoprotein metabolism are uncommon. 31 Secondly, a level of 130 cm 2 was used as the prevalence of metabolic abnormalities becomes often detectable at this level. 31, 32 Finally, 150 and 200 cm 2 (the latter only in older women and men) was chosen as they represent markedly elevated levels of visceral adipose tissue.
To evaluate the performance of the anthropometric predictors, 19 cut-off points (from the 5th to the 95th percentile) were de®ned for each predictor. The sensitivity (probability of correctly detecting true positives) and speci®city (probability of correctly detecting true negatives) of each cut-off were estimated by cross-tabulating the reference test results by screening test results. The cut-off value producing the best combination of sensitivity and speci®city was selected as the optimal threshold for each predictor. The areas under the ROC curve (A z ) were calculated using sample means, standard deviations and variances as described by Brownie et al. 33 The comparisons of the A z s were carried out by calculating a test statistic (Z Az ) with the method of Brownie et al. 33 The complete ROC procedures were performed separately in each sex by age subgroups (younger (`40 y) and older ( 40 y) women and men). The A z calculations were repeated after adjusting abdominal visceral fat for total fat mass. Since the maximal number of A z comparisons in each subgroup was six, the level of statistical signi®cance was set at P`0.008 (0.05a6) to allow for multiple testing. Finally, sensitivities,
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T Rankinen et al speci®cities and rates of false positives and negatives to detect AVF levelsb150 cm 2 were calculated for currently recommended BMI (30 kgam 2 ) and waist circumference (80 and 88 cm for women, 94 and 102 for men) cut-off values. 34, 35 The BMI cut-off value represents the class I obesity criterion and the lower and higher waist circumference values refer to increased and substantially increased risk of obesityassociated metabolic complications.
34,35
Results
The descriptive characteristics of the subjects are shown in Table 1 . The prevalence of abdominal visceral obesity was quite low in younger subjects. Even with the most liberal de®nition (AVFb100 cm 2 ), only 19.6% of the women and 20.1% of the men were classi®ed as viscerally obese. Less than nine per cent of the men or women below 40 y of age had an AVF level exceeding 150 cm 2 . In older subjects, the situation was markedly different since 56.5% of the women and 79.5% of the men had AVF level greater than 100 cm 2 and, even by the strictest criterion (AVFb200 cm 2 ), 13% of women and more than one in every fourth man was classi®ed as viscerally obese. In men, all anthropometric predictors correlated moderately well (r from 0.74 ± 0.84) with AVF, whereas in women WHR showed lower correlation coef®cients than BMI, %BF and waist circumference ( Table 2) .
Areas under the ROC curves (A z ) for each predictor are presented in Table 3 . In younger women, WHR showed signi®cantly (Z Az b4.85, P`0.0001) lower A z s than the other three predictors (Figure 1 ). In older women a similar trend was observed ( Figure  2 ). A z s for the WHR were signi®cantly lower (Z Az b3.17, P`0.0003) than those for waist circumference regardless of the AVF criteria used. However, the difference between WHR and %BF was signi®cant (Z Az 3.49, P 0.0002) only with the AVFb 100 cm 2 cut-off point, whereas the other WHR vs %BF comparisons produced only non-signi®cant trends (Z Az from 1.75 ± 2.15, P from 0.040 ± 0.016). The A z s of the BMI improved with higher AVF cutoff points (150 and 200 cm 2 ) and were signi®cantly greater than those of WHR (Z Az from 2.50 ± 2.60, Pvalues from 0.005 ± 0.006). In men, BMI showed the lowest A z values and in older men the difference between BMI and waist circumference (the best overall predictor) was signi®cant (Z Az b2.99, P 0.001) for all the AVF criteria. Also the difference between WHR and BMI was signi®cant (Z Az 3.02, P 0.001) with the AVFb200 cm 2 cut-off. However, in younger men the differences between BMI and other predictors reached signi®cance (Z Az b2.55, P`0.006) only with the lowest AVF cut-off point.
The cut-off points of the anthropometric predictors leading to the best trade-off between their sensitivities and speci®cities are summarized in Table 4 . In the younger women, sensitivities and speci®cities for WHR were less than 68.8% for each AVF cut-off point, whereas the respective values ranged from 83.4 ± 96.8% for the other predictors. The percentages of subjects misclassi®ed by WHR ranged from 32.7 ± 35.4% but from 7.0 ± 15.7% for the other predictors. Waist circumference showed the best overall sensitivity and speci®city in the older women and men, especially with the more conservative de®nitions of Values are mean (standard deviation). In the older women, WHR misclassi®ed 27.6 ± 35.7% of the subjects whereas BMI, %BF and waist circumference falsely classi®ed 22.5 ± 25.0%, 21.0 ± 27.3% and 15.6 ± 22.6%, respectively. In the older men, waist circumference showed the lowest overall misclassi®cation rates (15.4 ± 18.6%; 17.3 ± 23.1% for the others). In younger men, speci®-cities of BMI with AVFb100 and 130 cm 2 were lower than for the other predictors. BMI tended to misclassify more subjects with AVFb100 cm 2 (20.7%) and AVFb130 cm 2 (16.7%) than the other predictors (AVFb100 cm 2 9.9 ± 14.9%; AVFb130 cm 2 7.6 ± 10.3%), but when AVFb150 cm 2 was used all the predictors showed similar level of misclassi®cation (8.0 ± 9.8%).
The areas under the ROC curves for each predictor using fat mass-adjusted AVF are presented in Table 5 . In general, A z s for BMI, %BF, and waist circumference improved as compared to unadjusted areas, whereas those for WHR remained unchanged or 
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decreased. Decreases were most evident in older women. The international expert committees 34, 35 have recently evaluated the current epidemiological information on obesity and the general consensus is to use BMI of 30 kgam 2 as the threshold value for obesity classi®cation. The optimal, cohort-speci®c BMI level to detect AVFb150 cm 2 in this present study was higher for younger women, but lower for other age by sex subgroups than the BMI of 30 kgam 2 . In younger women, the sensitivity for the BMI level of 30 kgam 2 was slightly higher whereas the speci®city was lower and the rates of false positive higher than for the cohort speci®c optimal cut-off level. In younger men, as well as in older women and men, sensitivities and false positive rates were lower whereas speci®cities and false negative rates were higher for BMI of 30 kgam 2 as compared to optimal BMI cut-off points. The sensitivities and speci®cities to detect AVF level of 150 cm 2 for current guidelines of waist circumference (80 and 88 cm for women, 94 and 102 cm for men, lower values by WHO, 35 higher ones by NIH 34 and WHO
35
) were also calculated (Table 6 ). Both in younger and older women, the optimal waist circumference cut-off levels were considerably higher than those given to indicate increased risk of obesity-associated metabolic complications. Accordingly, sensitivities for recommended values Prediction of visceral fat level T Rankinen et al were slightly higher but speci®cities were drastically lower than those for cohort-speci®c optimal levels. For example, in older women, the rate of false positives were 76.9% and 44.8% for waist circumferences of 80 cm or greater and 88 cm or greater, respectively.
Discussion
Simple and inexpensive surrogate measures of abdominal visceral fat levels have been proposed by several investigators. The purpose of the present study was to compare the predictive values of body mass index, percent body fat, waist circumference and waist-to-hip ratio. The main ®nding is that waist circumference is the best overall predictor of AVF level, whereas WHR is a poor indicator of abdominal visceral fat level, particularly in women. Our observations in women are in line with previous studies reporting lower correlations between WHR and AVF than between waist circumference and AVF in pre-menopausal women. 9, 10, 36 WHR is also a poor indicator of regional adiposity measured by dual-energy X-ray absorptiometry in healthy caucasian women aged 16 ± 80 y. 37 In addition, prospective studies have shown that WHR re¯ects poorly the increase 38 as well as the decrease 10, 39, 40 in AVF in women. In men WHR correlates relatively well with AVF, 6, 10 which was also the case in our study. However, in men as in women WHR is a poor measure of the changes of AVF. 10, 39 A large body of evidence supports the view that the waist-to-hip ratio is not a good measure of abdominal visceral adipose tissue in women. Since the variable is a ratio of two measures, variation both in waist and hip circumference can affect its outcome. Due to the differences in pelvic bone structure and in amount of subcutaneous adipose tissue and muscle mass the variability in hip circumference is much larger in women than in men. For example, in this present study the standard deviation in hip circumference was almost two times greater in women than in men although the mean circumferences were only slightly higher in women. On the other hand, the gender differences in the means and standard deviations of the waist circumference were small. Therefore, it is likely that the impact of hip circumference on WHR is greater in women than in men which further complicates the interpretation of the measure. Experimental studies have shown that weight loss was associated with reductions both in waist and hip circumferences whereas WHR remained unchanged or decreased only slightly even when the AVF level decreased signi®-cantly. 10, 40 Another example of the effect of hip circumference on WHR is the peripheral muscle wasting in non-insulin dependent diabetics leading to smaller hip circumferences than could be expected on the basis of age and BMI. 41 The use of WHR is problematic also from a statistical point of view. When using a ratio, it is assumed that the ratio is independent of the denominator, that is, there is a nonsigni®cant correlation between the ratio and the denominator. 42 In this present study, the correlations between WHR and hip circumference were highly signi®cant (r 0.35 ± 0.53, P`0.0001) in all age by sex subgroups except in older women (r 0.05), whereas the correlations between BMI and height squared (m 2 ) were not signi®cant in men (r 0.05 and 0.10) and only marginally signi®cant in women (r 7 0.14 and 7 0.20, P`0.03 and 0.004). This indicates that WHR does not meet the basic statistical requirement for a ratio while BMI generally does.
The cut-off points for waist circumference with AVFb100 cm 2 in younger men and women of the study corresponds well with those reported previously for healthy French-Canadian subjects of similar age. 43 However, the cut-off points for AVF level of 130 cm 2 of Lemieux et al 43 are closer to those reported here for AVFb150 cm 2 . This difference is likely due to differences in statistical strategies. Instead of linear Prediction of visceral fat level T Rankinen et al regression analysis, we estimated optimal cut-off points from ROC curves. The regression analysis assumes that the amount of abdominal visceral fat increases linearly as a function of waist circumference. However, it is possible than the AVF-waist circumference association is not linear with greater AVF levels, or that the slope of the regression line in our study is steeper. The waist circumference cut-off point for AVFb130 cm 2 in our men is close to that reported previously for 20 ± 59 y old Dutch men for the purpose of screening for cardiovascular risk factors. 44, 45 This is particularly interesting since alterations in plasma glucose-insulin and lipoprotein metabolism seem to become more frequent above an AVF level of 130 cm 2 .
31,32
The present data indicate that the current recommendations of the World Health Organization 35 and of the National Institutes of Health 34 for waist circumference to denote increased or substantially increased risk of metabolic complications in women have good sensitivity but poor speci®city to detect AVF level of 150 cm 2 or more. For example, waist circumference of 80 cm 35 misclassi®ed more than half of the older women as viscerally obese and even 88 cm (cut-off level of substantially increased risk 34, 35 induced false positive rates of 45 and 24% in older and younger women, respectively. In fact, the recommendations of 88 cm was close to the optimal cut-off points to detect AVFb100 cm 2 . In men, the cohort-speci®c optimal waist circumference to detect an AVF of 150 cm 2 was closer to the recommendations than in women. Especially in younger men, the sensitivities and speci®-cities for the cohort-speci®c cut-off value and the recommendations of 102 cm 34, 35 were very similar. However, in the older men the recommendations of 102 cm showed clearly lower sensitivity and, therefore, higher rates of false negative than the optimal waist circumference level. It must be emphasized that the recommendations of WHO 35 and NIH 34 are not designed to predict speci®cally visceral fat level, but rather to provide indication about the risk of metabolic complications of obesity. Provided that the recommendations really re¯ect a critical level of waist circumference above which the risk of metabolic disturbances increases, the high rate of misclassi®ca-tions, especially in women, casts doubt on the proportion of obesity-related metabolic problems that are truly caused by an excessive amount of visceral fat. 46 The interest for the health risks associated with abdominal visceral fat has expanded drastically during the last decade. The notion that high levels of AVF carry disproportionally high risks of metabolic complications is widespread even though direct evidence to that effect is lacking. 46, 47 In the study of this and other related questions, it is clear than the direct methods (CT, MRI) to assess AVF remain the best option. However, large scale population-based epidemiological studies can often only rely on surrogate measures of AVF. Our results, together with those of previous studies, clearly show that the waist-to-hip ratio should not be used to estimate visceral fat level in young and middle-aged caucasian women. This is particularly relevant since research on women's health has increased and AVF is associated with disturbances in glucose, insulin and lipoprotein-lipid metabolism also in women. 48, 49 Based on our results and those of others, waist circumference seems to be the preferable choice, particularly when there is a need to assess changes over time or to evaluate the response to an intervention. Sagittal diameter has been proposed as another potentially good anthropometric candidate for prediction of AVF, but is has not been scrutinized to the same extent as waist girth and unfortunately such a measure was not available for the present study. Finally, it must be remembered that, even at their best, the anthropometric measures are only predictors of abdominal visceral adipose tissue level. For instance, the standard error of the estimates of all predictive equations published to date are at best of the order of 25 ± 30% of the mean AVF levels, yielding very wide con®dence intervals. This should be kept in mind when interpreting such data and when designing future studies.
Conclusions
Waist circumference is the best overall indicator of abdominal visceral fat level, whereas body mass index and percent body fat perform reasonably well only in younger subjects. Waist-to-hip ratio is a poor measure of AVF especially in women and should not be used as a surrogate measure of visceral obesity.
